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The precessional magnetization dynamics of a chromium dioxide(lOO) film is examined in an all- 
optical pump-probe setup. The frequency dependence on the external field is used to extract the 
uniaxial in-plane anisotropy constant. The damping shows a strong dependence on the frequency, 
but also on the laser pump fluency, which is revealed as an important experiment parameter in 
this work: above a certain threshold further channels of energy dissipation open and the damping 
increases discontinuously. This behavior might stem from spin-wave instabilities. 

PACS numbers: 75.30.Gw, 76.90.+d 



As a predicted half-metallic ferromagnet^, Chromium 
dioxide (Cr02) shows a spin polarization at the Fermi 
level that comes close to a full polarization^ 3 -! 4 -, which is 
the defining property of a half-metal. Therefore, Cr02 
has attracted a lot of interest as a possible material for 
future spintronic devices£i£> To achieve high processing 
speed in such devices, a fundamental insight into the 
magnetization dynamics of Cr02 is needed. 

An all-optical pump-probe setup utilizing fs laser 
pulses^ (time-resolved magneto-optical Kerr effect, 
TRMOKE) allows investigation of the magnetization dy- 
namics of ferromagnetic films in the time domain. In this 
setup, the laser induced demagnetization^* 1 ^ and the sub- 
sequent remagnetizationii is accompanied by a change of 
the equilibrium direction of magnetization, which can be 
understood as a ps field pulse 1 - that leads to precessional 
motion according to the Landau-Lifschitz-Gilbert (LLG) 
equatio n 13 ' 14 

= -70 M x H cff - x (1) 

at M at 

where 70 = MoM and the dimensionless parameter 
a accounts for the damping of the magnetic motion. 
This damping term is derived by introducing isotropic 
Rayleigh-like energy dissipation. In general, the mi- 
croscopic mechanism for damping does not obey these 
assumptions. Nevertheless, the precessional motion 
can still be described by an effective and possibly fre- 
quency dependent damping parameter a c g. It has been 
shown that this parameter can be extracted from the 
precessional motion traced in an all-optical TRMOKE 
setupi^ 1 ^ In these experiments, the equilibrium magne- 
tization is canted out of the film plane so that the laser 
induced demagnetization comes along with a change of 
the direction of the shape anisotropy field of the sam- 
ple. Zhang et al. have demonstrated^ that the in-plane 
anisotropy of a CrO2(100) film can be utilized in an op- 
tical pump-probe setup for the generation of an in-plane 
anisotropy field pulse that induces precessional motion. 
Recently, several TRMOKE experiments with a similar 



configuration were reported. 17 ' 18 i 19 ' 20 Here, we present 
a systematic all-optical measurement of the precessional 
frequency and damping of a 300 nm CrO2(100) film. The 
examined pump fluency dependence of the sample shows 
the opening of an additional channel of energy dissipation 
at a sufficiently high perturbation from the equilibrium 
configuration. 
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FIG. 1: (Color online) (a) Configuration of the sample system: 
The external field is applied in hard axis direction; the angles 
8 and 4> are chosen according to Eq. ([2]). (b) <j> calculated 
from Eq. ((2} with constants as given in the text, (c) In- plane 
anisotropy field pulse: the impinging pump pulse changes the 
equilibrium configuration (i) due to lattice heating and ad- 
justment of the magnetic anisotropy on the timescale of 1 ps 
(ii); the slow recovery of the intial configuration is accompa- 
nied by precessional motion (iii). 

The Cr02 film is grown epitaxially by CVD on a 
TiO 2 (100) (rutile) substrate^! The 300 nm thick film, 
examined in detail for this work, is expected to show 
uniaxial magnetic in-plane anisotropy with the c-axis 
([001]) being the in-plane easy axis and an effective 
first order anisotropy constant of 15 • 10 3 J/m 3 at room 
temperature^ This anisotropy originates from an in- 
terplay between crystalline and strain induced magnetic 
anisotropy. With the external field applied in the in- 
plane hard axis direction, the free energy density of the 
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FIG. 2: (Color online) Changes in the reflectivity and in 
the real part of the Kerr angle become manifest in the mea- 
sured transients; the fits are given by the dashed lines. For 
lower fields, the transverse component of magnetization pre- 
cesses dominantly where, for higher fields, the longitudi- 
nal component is the dominant one. The pump fluency is 
F = 10mJ/cm 2 . The curves are shifted for clarity. 
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FIG. 3: (Color online) (a) Measured precessional frequency 
as a function of the external field for pump fluencies F — 
10mJ/cm 2 and F = 20mJ/cm 2 and fits according to Eq. 
(b) Free energy density as a function of the azimuthal angle 
for different external field values. 



system can be written as 

F = -fi M s H cxt sin<f)sm8 + ^oA4s cos 2 9 + Ki_ c ffSm 2 (/), 

(2) 

where the first term represents the Zeeman energy, con- 
tributions from the shape and the in-plane anisotropy are 
taken into account by the second and the third term, re- 
spectively. The angles <f> and are named according to 
Fig. [2(a). 

In our experiment, probe and pump pulse are gener- 
ated by a Titanium:sapphire fs laser together with a re- 
generative amplifier (repetition rate 250 kHz, pulse width 
60 fs, spot size of probe and pump pulse 40 and 60 /im, 
respectively). We utilize a double modulation scheme so 
that the polarization of the probe pulse is modulated with 
a photo-elastic modulator and the intensity of the pump 
pulse with a mechanical chopper. The sample is mounted 
at room temperature with the external magnetic field in 
the plane of incidence parallel to the hard axis [cf. Fig. [I] 
(a)]. It has been shown that the hysteresis curve for this 
sample in this configuration can be explained by coherent 
rotation of a single domain^ Therefore, the equilibrium 
configuration, i.e., the azimuthal angle (p, is given by the 
minimum of the free energy in Eq. In Fig. [T] (b), (\> 
is depicted as a function of the external field where the 
room temperature material parameters are chosen to be 
K hcS = 15 • 10 3 J/m 3 and fi Q M s = 603 mT3 

The laser induced demagnetization in CrC>2 reaches its 
maximum after 200 to 300 ps - in contrast to, e.g., nickel 
where the demagnetization occurs on a timescale of hun- 
dreds of fs. This behavior was attributed to the half- 
metallic character of chromium dioxide and a resulting 



decoupling between the spin and the electron system, i 25 
Nevertheless, the relevant time scale for electron-lattice 
equilibration is in the order of 1 ps in Cr02 as well as in 
nickel. Therefore, the magnetic in-plane anisotropy con- 
stant undergoes a fast change in magnitude on the same 
timescale, which results in an anisotropy field pulse. The 
original configuration recovers accompanied by preces- 
sional motion on a timescale of 100 ps [cf. Fig. [1] (c)]. 

The measured transients for pump fluency of F = 
10mJ/cm 2 are depicted in Fig. [2J it should be noted 
that these transients portray temporal changes in the 
real part of the Kerr angle as well as in the reflectiv- 
ity. In the field range where the transverse component 
precesses dominantly (40 mT < /j,oH cxt < 40 mT, cf. 
Fig. [21), the traced magnetic motion changes its phase 
by 7T under switching the external field due to the the 
twofold degeneracy of the equilibrium configuration and 
the pecularities of the exciting field pulse. At higher 
fields where the longitudinal component is the dominant 
one, almost no change of phase is observed. Thus, a sep- 
aration of the magnetic signal from the temporal change 
of the reflectivity would be complicated. These tran- 
sients can be perfectly fitted with functions of the type 
A ■ exp(— t/T) + B ■ exp(— t/r) ■ sin(wi) where the first 
summand portrays the change in reflectivity and a small 
change in the length of the Kerr vector. The second 
one represents a solution of the linearized LLG equation 
[Eq. (JTJ)]. In the framework of this linearization, which 
corresponds to a parabolic approximation of the free en- 
ergy, the precessional frequency lu = 2nf and the damp- 
ing time t can be expressed by the sample parameters 
M a , Ki <e s, a c ff, and the Lande factor g as well as the 
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external field H ext (neglecting quadratic terms in a e g): 

w = — a \l FooF<t><t> ~ Fe<t>-> 
^ M S sin #o v 

t = 7 : V' (3) 

c*7o {Fee + s^^W J 

where Fij denotes the coefficients of the parabolic ap- 
proximation of the free energy around the minimum. In 
Fig. OH a), the extracted precessional frequency is plot- 
ted as a function of the external field for pump flu- 
encies of F = 10mJ/cm 2 and 20mJ/cm 2 . The over- 
all reduced frequency for the higher fluency can be ex- 
plained by the higher average heating, which also man- 
ifests in a reduction of the Kerr signal at negative 
delay times. The measured frequencies are fitted by 
Eq. ([3J, where, to avoid ambiguities, the Lande fac- 
tor and the magnetization are held fixed at g = 2 26 
and /j.qM s = 603 mT— . The determined values are 
K l cB = 15,990(75) • 10 3 J/m 3 (15,350(150) • 10 3 J/m 3 ) 
for F = 10mJ/cm 2 (20 mJ/cm 2 ). 3 ^ The drop of the fre- 
quency at about fi H cxt — 65 mT can be understood 
easily: the precessional motion of magnetization means 
(in first order) a harmonic oscillation around the mini- 
mum of the free energy landscape of the sample system 
[cf. Fig. 03(b)]. At external fields below the anisotropy 

field ^o-ffaniso = — TT^~ ■> there are two degenerate minima, 
which move towards each other with increasing field. At 
external fields above the anisotropy field, the magneti- 
zation is, of course, aligned with the external field. This 
transition from one to two minima at H cxt — H an i so must 
be accompanied by vanishing second order derivatives 
at the minimum position and, thus, vanishing restoring 
forces for the precessional motion as well. 
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FIG. 4: (Color online) Field depencene of the damping time 
and the effective Gilbert damping parameter for fluencies F = 
10mJ/cm 2 and F = 20mJ/cm 2 ; the lines are guides for the 
eyes. 

Also, the damping time t is extracted from the mea- 
sured Kerr transients and plotted for the two pump flu- 
encies in Fig. 2| The damping parameter a c fr is cal- 
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FIG. 5: (Color online) Pump fluency depencene of the preces- 
sional frequency and the inverse damping time for /io^ext = 
20 mT; the lines are guides for the eyes. The energy dis- 
sipation rate increases above the threshold value of F = 
20mJ/cm 2 



culated from r and the above determined sample pa- 
rameters according to Eq. 02 and is included in Fig. Of] 
The damping shows a strong increase with decreasing 
precessional frequency as it was also observed in sim- 
ilar experiment a 17 ! 19 ' 20 so that genuine Gilbert damp- 
ing cannot be the dominant process of energy dissipa- 
tion operative in this sample. For Cr02 films, an in- 
crease of the damping for lower precession frequencies 
was likewise found in ferromagnetic resonance (FMR). 26 
In addition, these FMR measurements revealed that the 
linewidth in the in-plane hard axis direction is broadened 
compared to the easy axis direction. Thus, the damping 
in this sample might not only be frequency dependent, 
but also direction dependent. Woltersdorf and Heinrich 
could demonstrate that the magnetic damping of an iron 
thin film on GaAs due to two-magnon scattering is en- 
hanced in directions of higher misfit dislocation density. 27 
In the Cr02 film, there might be a higher misfit dislo- 
cation density in the 6-axis direction compared to the 
c-axis direction due to the lattice mismatch anisotropy 
with the TiC>2 substrate^ Quantitatively, transmission 
electron microscopy reveals that the strain is relieved by 
formation of misfit dislocations that stretch to the sur- 
face of the film; a quantitative study of the supposed 
dislocation density anisotropy is not possible. Another 
striking feature of the curves in Fig. [4] is the qualita- 
tively different field dependence of the damping in the 
field range above noH cx t = 60 mT for the two pump 
fluencies. Thus, the pump fluency is an important pa- 
rameter in this all-optical measurement. In Fig. 03 the 
frequency and the inverse damping time r" 1 is plotted 
as a function of the laser fluency for an applied external 
field of [ioH cxt = 20 mT. The frequency decreases with 
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the fluency as the equilibrium temperature rises due to 
the increased average heating. In the room temperature 
regime up to 350 K, according to FMR results—, the 
strength of damping is expected to decrease slightly with 
temperature. This behavior is observed in our experi- 
ment up to pump fluencies of F = 20mJ/cm 2 ; above 
this threshold, there is a discontinuous increase of the 
damping. By measuring the length of the Kerr vector in 
comparison with SQUID measurements, it is verified that 
the spin temperature remains below 330 K for all fluen- 
cies and time delays. Therefore, the increase of damping 
cannot be attributed to the increase of the spin temper- 
ature consistently with the FMR results. We suggest 
that this additional damping stems from spin wave in- 
stabilities that are long known to occur threshold-like in 



high-field-pumping FMR^S, There, because of the high 
angle of excitation, the uniform precession becomes un- 
stable due to spin wave disturbances and energy of the 
uniform mode is transferred to non-uniform ones. In 
time-resolved FMR where the precession is excited by 
a single field pulse, these instabilities have only been ob- 
served in very certain configurations . 30 ' 31 The question, 
which pecularities of the optically induced field pulse or 
the CrC>2 sample become manifest in the spin wave insta- 
bilities, suggested in this report, remains open for future 
research. 
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